Our interest in butadiene-containing polymers had led to an investigation of the thermal degradation of polyisoprene, PIP, and polychloroprene, PCP. The connection between cross-linking and thermal stability through an examination of PIP and PCP has been reported. Like the course of thermogravimetric analysis (TGA) the cross-linking and charring of polymers subjected to heat can also be experimentally observed as function of temperatures by the pseudo-in-situ XPS (X-ray Photoelectron Spectroscopy). Data acquisition of C1s spectra as function of temperature permits us to explore: (1) the extent of cross-linking and/or carbon accumulation of systems of PCP and PIP with/without initiators, BPO and DCP, via the analysis of the relative intensity versus temperature; and (2) the onset of charring by determining the limiting transition temperature (LTGRL) of the graphite-like structure and particularly the plasmon loss (ΔEL).
Introduction
There has been previous work from these laboratories on the relationship between cross-linking and carbon accumulation (charring) of non-cross-linked and cross-linked polymers. This has included work on polyamide-6 [1] and butadiene-containing polymers [2] . Quite recently work has appeared on polyisoprene (PIP) and polychloroprene (PCP) both of which undergo cross-linking by a thermal process as well as an initiator-enhanced thermal cross-linking [3] . There are a number of issues concerning the measure of both processes that must be addressed and X-ray photoelectron spectroscopy, XPS, provides a very useful technique to address these questions. In addition to answering these questions, an intent of this work is to show the value of an XPS investigation in better understanding the process of char formation.
Experimental
For XPS experiments a thin film, with a thickness in the order of microns, must be prepared. Dilute polymeric solutions were obtained by the dissolution of polymer in chloroform, followed by pouring these solutions onto aluminum foil, which had been treated with sulfuric acid, then thoroughly washing with distilled water, followed by organic solvents. The required thin films were obtained by permitting the solvent to evaporate.
The preparation of the samples for initiator-enhanced thermal cross-linking was accomplished by dissolving the polymer, together with 2 mmol benzoyl peroxide (BPO) or dicumyl peroxide (DCP) in 25 ml chloroform in a 100 ml round bottom flask. The resulting solution was then treated as above for the preparation of the virgin polymer samples. The solvent was allowed to evaporate at room temperature for 24 h. Each thin film of the polymer and initiator combination was sealed under vacuum in an ampoule. The samples were then placed in an oil bath at 70°C (for BPO-containing samples) or 120°C (for DCP-containing samples) for 3-24 h. At the conclusion of the reaction, the ampoules were opened and the samples were removed and analyzed. 3 . Results and discussion 3.1. Thermal degradation and charring of un-crosslinked PCP and PIP In previous work [4] , [5] , [6] , [7] , [8] , it has been shown that the cross-linking and charring of polymers subjected to heat can be experimentally observed as a function of temperature by the pseudo-in-situ XPS (X-ray photoelectron spectroscopy). This is similar to the experiment that can be performed by thermogravimetry (TGA), but is more sensitive.
PCP
The data for PCP is shown in Table 1, Table 2 and Fig. 1, Fig. 2, Fig. 3 . The important parameters derived from this work to characterize cross-linking and char formation included the relative intensity of carbon, the plasmon loss peak (ΔEL) in the C1s spectra and the atomic concentration of chlorine in the C12p spectra. All parameters, as shown in Table 1 from left to right, can be defined as follows: C1s (the 2nd column) is the binding energy of the main peak in C1s spectra; CPS and intensity % (the 3rd column) represents the counts per second of C1s photoelectrons and the relative intensity referencing to the CPS at room temperature, plasmon loss peak (ΔEL) (the fifth column) in C1s spectrum is the difference between values in the 4th and 2nd columns; and shake-up (satellite) peak (the last column) denotes π-π* transition originating from benzene moieties. In Fig. 1 , four distinctly different temperaure regions can be described: 1st region (ambient -250°C), 2nd region (250-350°C), 3rd region (350-380°C) and 4th region (>380°C). The absence of a negative peak in the first region indicates the absence of adventitious contamination of this sample, very often met in modern surface analytical techniques, such as XPS, AES (Auger electron spectroscopy), ISS (ion scattering spectroscopy), and SIMS (secondary ion mass spectroscopy), etc. Such contamination is usually observed and its absence must be explained; it may be ascribed to the presence of hydrophobic chlorine atoms in PCP [8] . A large increase in the relative intensity within the 2nd region, which continues but, with a change in slope, during the 3rd region, is in fairly good agreement with the available information on gel content and swelling ratio [3] , and this shows that the extent of cross-linking and the cross-link density increases as the temperature increases. Above 420°C the relative intensity begins to decrease, perhaps due to pyrolysis and/or evaporation of the char.
The concentration of chlorine atoms in PCP decreases as the temperature increases and falls to zero at 380°C, which lies at the border between the 3rd and 4th region (Fig. 2) . The thermal degradation of PCP takes place in two stages, i.e. elimination of hydrogen chloride, followed by degradation of the backbone [9] . The evolution of HCl is observed at as early as 100°C, because of the much higher sensitivity of the XPS technique in the surface layers compared to TGA in the bulk. The ratio of C C/C Cl, as indicated in Table 2 , is the relative amount of carbon attached to another carbon relative to that attached to chlorine; this increases with temperature, indicating the loss of HCl, and finally reaches the value of this ratio, 99.9/1 at 370°C. Table 3 provides a comparison between XPS and the conventional techniques [10] . The Limiting Transition Temperature of Graphite-like Structure, LTGRL is used to characterize the charring of polymers [11] . For chlorine containing polymers, for example, PVC and systems of PVC/transition metals, the LTGRL were taken as the temperatures at which the chlorine atoms just completely vanish, corresponding to the maxima in the plots of relative intensity in C1s spectra vs temperature [12] , [13] , [14] , [15] ; in other words, charring defined by LTGRL occurs just subsequent to the complete loss of chlorine atoms. In Fig. 1 the LTGRL of PCP was determined to be 380°C as indicated by the arrow, which was caught up with the deep increase in ΔELwithin the narrow region (Fig. 3) .
Here, the plasmon loss (ΔEL) in C1s spectra can also be divided into four regions, similar to that observed for the C1s spectra, i.e. 1st region (ambient -250°C), 2nd (250-360°C), 3rd ( 360-380°C) and 4th (>380°C). Following the 2nd region of moderate cross-linking, a dramatic increase in ΔEL from 24.1 to 26.4 eV and relative intensity in 3rd region in Fig. 1 (360-380°C), shows the presence of a graphite-like structure, even though the relative intensity in the C1s spectra dropped significantly in the 4th region in Fig. 1 . In addition, the gradual disappearance of the shake-up peaks (π-π* transition, see Table 1 ) is likely an alternative indication of the local benzene ring vanishing at temperatures above 280°C. It may be stated that the relative intensity in the C1s spectra, the LTGRL and the plasmon loss (ΔEL) are distinct factors that are indispensable for understanding the charring process.
PIP
Essential data for PIP are shown in Fig. 4 , Fig. 5 and the data is tabulated in Table 4 . A much lower relative intensity for PIP, than PCP, in C1s spectra, along with the presence of a negative region, ascribed to contamination [8] , is noted. The relative intensity does not exceed 10% at a temperature below 380°C. The fact that plasmon loss (ΔEL) remains constant at about 22.0 eV below 380°C indicates that there is little or no change in the extent of conjugation within the polymeric matrix. One can, therefore, conclude that very little crosslinking occurs until a temperature of 380°C is reached. This agrees well with the literature assertion [3] that PIP does not easily cross-link during the course of thermogravimetric analysis. The very large increase in ΔELfrom 22.0 to 26.0 eV, between 380-420°C reveals the emergence of the graphite-like structure which is defined by LTGRL=410°C. In the 2nd region, an increase in intensity of the Cls peak arises but, it is weak in comparison to that observed for PCP. The plasmon loss of 26.1 eV at 420°C confirms the appearance of aromatics.
The data shown in Fig. 6, Fig. 7 clearly show that the substitution of a hydrogen for a chlorine has a very important role in the cross-linking process and, ultimately, in fire retardancy of the polymer. Apparently for both PCP and PIP, but particularly important for PCP, a large increase in the plasmon loss occurs within a very small temperature range, as seen in Fig. 7 . Cross-linking and char formation for PCP proceed at an extremely high rate within a quite narrow temperature interval, 10°C, and this must be related to the presence of the chlorine atom and the double bond. The PCP curve lies above the PIP curve and this indicates the important role that chlorine plays in cross-linking and char formation.
Thermal degradation and charring of cross-linked PCP and PIP

PCP/BPO
TGA data for both PIP and PCP are shown in Table 5 while Table 6, Table 7, Table 8, Table 9 provide the XPS data for PCP which has been cross-linked with BPO for times ranging from 3 to 24 h. The main data can directly be depicted in Fig. 8, Fig. 9 . The time of the cross-linking reaction apparently induces changes in the patterns in the plots of relative intensity vs temperature. On one hand a much stronger relative intensity, in contrast with original PCP, is seen in cross-linked samples at 70°C and times shorter than 6 h. On the other hand a much weaker relative intensity relative to original PCP is seen in cross-linked samples at 70°C and times longer than say, 12 h. 
XPS data on percentage of chlorine in PCP vs temperature
The XPS data which relates the amount of chlorine remaining to temperature is collected in Table 10 . The loss of chlorine in both cross-linked and virgin polymer begins at about 200°C but the cross-linked systems lose chlorine much more readily. At 370°C the cross-linked polymers retain more chlorine than does the virgin material. This is presumably due to the rigidity of the cross-linked system preventing the facile loss of chlorine. aRelative intensity (%) in C12p spectra as function of temperature for PCP. Table 11, Table 12, Table 13, Table 14 give the XPS data for systems of PIP modified with BPO at 70°C for time period 3-24 h. A summation of all of the above data is provided in Fig. 10, Fig. 11 . There is a strong change in the relative intensity as a function of reaction time, indicating the strong dependence of cross-linking on this parameter. Cross-linking does not occur with virgin PIP to any significant extent upon heating but, in the samples containing BPO, there is a very significant amount of cross-linking with a short reaction time. This will be discussed later in the text. 
PIP/BPO
Comparison between PCP and PIP chemically cross-linked by BPO
There is a significant difference in the extent of cross-linking between PCP and PIP; this is shown in Fig. 12, Fig.  13 , Fig. 14, Fig. 15 . For reaction times of 3 and 6 h, the retention of carbon is much greater for PIP than for PCP, indicating that the cross-linked PIP samples with BPO can more easily lose other elements than does PCP. At longer reaction times, there is more similarity between PIP and PCP. 
XPS data for PCP/PIP chemically cross-linked with DCP
The differences between PCP and PIP as a function of reaction time are shown in Fig. 16, Fig. 17 ; the tabular data for PCP modified with DCP is shown in Table 15, Table 16, Table 17, Table 18 while the data for the PIP system is in Table 19, Table 20, Table 21, Table 22 . The first analysis can be based upon relative intensity: A comparison of the influence of the reaction time on the maximum relative intensity, Imax, for cross-linked PCP and PIP is shown in Table 23 . It is valuable to make a few observations. The maximum relative intensity, Imax, (70.5%) observed for PIP must be contrasted to the value (20.7%) observed for PCP in the presence of BPO at 3 h reaction time, even though PCP does give a higher intensity in the absence of initiators. This is not observed for DCP and this implies that the cross-linking reaction of PIP can be enhanced by the presence of BPO at times less than 12 h. At long reaction times, 24 h, this is diminished. In the presence of BPO the relative intensity is roughly constant for both PCP and PIP. The general changes in the DCP systems are opposite to those in the BPO system. The differences between PCP and PIP gradually decrease between 3 and 24 h reaction times; this is exactly consistent with the literature [2] . We now turn to the plasmon loss, ΔEL. Looking at the onset temperatures derived from Table 6, Table 7 , Table  8 , Table 9 (PCP/BPO), 11-14 (PIP/BPO), 15-18 (PCP/DCP) and 19-22 (PIP/DCP) and corresponding Fig. 12, Fig.  13 , Fig. 14, Fig. 15 , one may conclude that charring always occurs earlier for PCP than PIP, by about 60°C in case of BPO, and more than 100°C in the case of DCP. This is clearly due to the presence of chlorine atoms and double bond in polymeric matrices although the differences between PCP and PIP seem to be unimportant in relative intensity along with the progressive extension of reaction time t.
Comparison of thermal stability of PCP characterized by T60%
Chlorine loss must produce double bonds which may then undergo a cross-linking reaction. Another way to distinguish the thermal stability of PCP cross-linked with BPO or DCP involves the loss of chlorine. As an indication of cross-linking, it has been somewhat arbitrarily decided to use the temperature T60% at which 60% of the chlorine has been lost, i.e. the char contains 40% of the chlorine. This data is collected in Table 24 and one can see that the T60% is relatively constant for BPO up to 12 h reaction time. The T60% is higher for DCP, indicating that BPO is more effective than DCP is promoting cross-linking of PCP.
